Purpose: To develop a gradient pre-emphasis scheme that prospectively counteracts the effects of the first-order concomitant fields for any arbitrary gradient waveform played on asymmetric gradient systems, and to demonstrate the effectiveness of this approach using a real-time implementation on a compact gradient system. Methods: After reviewing the first-order concomitant fields that are present on asymmetric gradients, we developed a generalized gradient pre-emphasis model assuming arbitrary gradient waveforms to counteract their effects. A numerically straightforward, easily implemented approximate solution to this pre-emphasis problem was derived that was compatible with the current hardware infrastructure of conventional MRI scanners for eddy current compensation. The proposed method was implemented on the gradient driver subsystem, and its real-time use was tested using a series of phantom and in vivo data acquired from two-dimensional Cartesian phase-difference, echo-planar imaging, and spiral acquisitions. Results: The phantom and in vivo results demonstrated that unless accounted for, first-order concomitant fields introduce considerable phase estimation error into the measured data and result in images with spatially dependent blurring/distortion. The resulting artifacts were effectively prevented using the proposed gradient pre-emphasis. Conclusion: We have developed an efficient and effective gradient pre-emphasis framework to counteract the effects of firstorder concomitant fields of asymmetric gradient systems. Magn Reson
INTRODUCTION
As a consequence of Maxwell's equations, the linear spatial encoding gradient fields used in conventional clinical MRI are always accompanied by additional undesired magnetic fields known as concomitant or Maxwell fields, which causes the actual magnetic field used for spatial encoding to deviate from the desired uniform gradient fields (1, 2) . These concomitant fields are present whenever gradients are active (i.e., throughout spatial encoding and data acquisition) and result in the accumulation of undesirable spatiotemporally varying phase components within the measured data set. When this accumulated phase is not accounted for during MR image reconstruction, it can cause image artifacts, including (but not limited to) quantitatively inaccurate phase-contrast flow estimation (1) , spatial blurring in spiral acquisition images (3) , and geometric distortion and signal loss in echo planar images (EPI) (4, 5) .
Conventional whole-body MR gradient systems employed in horizontal, cylindrical-bore magnets typically employ gradient hardware symmetric along the longitudinal axis-that is, the coil wiring pattern on the service side of the scanner mirrors that on the patient side along the superior/inferior (z) axis. For these systems, the gradient isocenter is located at the geometrical center of the coil wiring pattern along the z-axis, and their concomitant fields only include terms with secondorder or higher spatial dependence, the leading (and nonnegligible) terms of which have second-order spatial dependence [e.g., quadratic terms such as G 2 x z 2 =ð2B 0 Þ or cross-terms such as G x G z xz=ð2B 0 Þ] (1,6). To reduce image artifacts, several techniques have been proposed to correct for the effects of these second-order terms, including alteration of gradient waveforms in the pulse sequence (7), gradient pre-emphasis (5) , and phase-corrected image reconstruction (1, 3, 4, 8) .
Whereas conventional whole-body systems use symmetric gradient coils, there is interest in MRI platforms that use asymmetric gradients (9) (10) (11) (12) (13) (14) (15) (16) , such as the compact gradient system (13) schematically represented in Figure 1 . Due to its reduced coil inductance and resistance, the gradients described by Lee et al. (13) can simultaneously achieve high amplitude (85 mT/m) and slew rate (708 T/m/s) with a standard 1 mega-volt-amp per axis gradient driver. Peripheral nerve stimulation is greatly reduced compared with whole-body systems due to the smaller spatial extent of the gradient coils. That gradient system has a 42-cm inner bore diameter capable of yielding a 26-cm diameter-spherical-volume for imaging. The radiofrequency transmitter inner diameter is 37 cm, which is sufficiently large to accommodate a 32-channel receive-only head coil. Unlike conventional whole-body MRI systems, the transverse (x, y) gradient coils are asymmetric. This asymmetry is required to image the head while maintaining its compact size; the gradient isocenter is not located at the center of the transverse gradient coils, but instead shifted toward the patient end (Fig. 1) .
One challenge associated with asymmetric gradient MRI systems is the introduction of concomitant fields with zero-and first-order spatial dependence in addition to the second-order and higher-order spatially dependent concomitant fields present in symmetric gradient coils, as described by Meier et al. (12) . These terms are especially problematic for acquisitions with high gradient amplitude. Meier et al. described a method to concurrently play a compensation gradient along the z-axis during an axial EPI data acquisition in an effort to account for the first-order concomitant field. However, this strategy only corrects for the concomitant field with zdependence such as that in an axial EPI scan, and does not consider the more general case where the first-order terms are present on another axis or simultaneously on multiple axes, such as those in nonaxial spiral acquisitions or oblique phase-contrast flow imaging. Like the second-order terms on symmetric systems, these additional fields will induce phase estimation error for flow quantification acquisition, echo-shifting and image distortion in EPI, and image blurring in spiral acquisitions when not properly accounted for during image acquisition or reconstruction. A similar approach of using constant compensation gradient was also adopted in an asymmetric gradient system inserted into a 7T magnet, where the linear concomitant field effects are readily observable (16) , despite their inverse proportionality with field strength.
In this study, we developed a generalized gradient preemphasis scheme that simultaneously accounts for firstorder concomitant fields from all asymmetric gradient axes. The proposed compensation strategy can be applied to any arbitrary gradient waveform, including any oblique or multiangle oblique orientations and nonCartesian acquisitions such as spirals. The proposed method was implemented within the gradient driver subsystem firmware (e.g., within the eddy current compensation framework) and hence is a real-time compensation method in which no pulse sequence modification is required.
THEORY

Concomitant Fields in Conventional Symmetric Gradients
Denoting the direction of the main magnetic field (B 0 ) as z, the magnetic fields induced by the gradients for spatial encoding during conventional clinical MR acquisition on a symmetric whole-body gradient system can be expressed as Bðx; y; zÞ ¼ ½B x ; B y ; B z T , where B x , B y , and B z are the magnetic field components along the three orthogonal axes x, y, and z, respectively. Ideally, the transverse components of this field are absent (i.e., B x ¼ B y ¼ 0) and the longitudinal component exhibits
In practice, due to the constraints expressed by Maxwell's equations, the nominal linear spatial encoding gradient fields (G x , G y , G z ) are accompanied by spurious transverse field components (B x and B y ). These additional fields, B x and B y , locally change the magnitude of magnetic field. A second-order Taylor series expansion of jBð x; y; zÞj yields (1):
where the dimensionless parameters a and 1 À a describe the relative strength of the z gradient-induced field strength along the x and y axes, respectively. a arises from the divergence constraint on magnetic field due to Maxwell's equations and is typically obtained from electromagnetic field simulation based on gradient design. For a z gradient system employing a cylindrically symmetric design, a ¼ 0:5. Higher-order expansion terms are negligible at common MRI fields strengths (1.5T or higher), such as the leading cubic term of order
(1). The terms in Equation [1] that exhibit second-order spatial dependence are commonly referred to as the concomitant field terms and can be expressed as B c;2nd ðx; y; zÞ
[2]
Concomitant Fields in Asymmetric Gradients
As described by Meier et al. (12) , asymmetric gradient systems display additional concomitant fields. Equation [1] can be adjusted to reflect the offsets of the transverse field components relative to the magnet isocenter, which yields
showing the structure of a conventional symmetric whole-body gradient system (a) and a compact asymmetric gradient system (b). For the symmetric design, the gradient isocenter (black dot) coincides with the center (red dot) of the coil wiring pattern along the z-axis (a), but it is shifted toward the patient end for the asymmetric gradients (b) by a distance z 0 (described later in Theory section). All the gradients are typically actively shielded, but for the sake of simplicity, shield layers are not shown.
ðx; y; zÞ; [3] where B c ðx; y; zÞ
indicates the concomitant fields with x 0 and y 0 denoting the offsets of z gradient coil along x-axis and y-axis relative to magnet isocenter, and z 0x , z 0y denoting the x and y gradient offsets along the z-axis relative to the magnet isocenter (12) . For a conventional whole-body MR scanner employing a symmetric gradient system, 
[6]
Because the zeroth-order term (B c;0th ) is spatially independent, it can be corrected in real time by adjusting the receiver frequency, similar to the manner in which zeroth-order eddy current compensation and related operations are performed on conventional systems (17) . Alternatively, the spurious phase caused by B c;0th can be calculated based on the applied gradient waveform and demodulated from the acquired k-space data prior to image reconstruction (12) . The first-order terms, however, can cause spatially varying phase accumulation throughout the entire MR data acquisition:
where t denotes the time when a particular k-space signal gðtÞ is acquired, f ðxÞ is the image object function, f c;1st ðx; tÞ ¼ g R t 0 B c;1st ðx; tÞdt denotes the phase accumulation due to the first-order concomitant fields, and V denotes the field of excitation.
Gradient Pre-emphasis Counteraction for First-Order Concomitant Fields
Gradient pre-emphasis is the process of purposefully designing a set of time-dependent gradient waveforms that, when modified by some a priori known process (here, the concomitant field effect), behave as ideal. Gradient eddy current compensation (6) is the most common example and is universally implemented in modern MRI scanners. Denoting the ideal (i.e., target) gradients as G x , G y , and G z , the first-order concomitant fields can be eliminated by identifying the actual gradient fields G 0 x , G 0 y , and G 0 z that satisfy the following system of equations (18):
Solutions to the system of equations in Equation [8] 
, when modulated by the first-order concomitant fields in Equation [6] , is equivalent to the ideal/target gradient waveforms (G x , G y , G z ). The exact cancellation of all the first-order terms can be readily verified by inserting Equations [6] and [8] 
As shown in Appendix A, the second-order approximation of the solution to Equation [8] yields the following gradient pre-emphasis scheme:
Additionally, the solution in Equation [9] is also equivalent to the first iteration result of a fixed-point iterative solver of Equation [8] , initialized with G x , G y , G z . Note that the right-hand side of Equation [9] only depends on target gradient waveforms (G x , G y , G z ), and therefore can be calculated and applied before data acquisition. These pre-emphasized gradients prospectively account for all the first-order concomitant field terms. The proposed gradient pre-emphasis scheme described in Equation [9] can be performed on a point-by-point basis for any arbitrary gradient waveforms. Note that the method described by Meier et al. (12) is equivalent to using only Equation [9c] to counteract the first-order concomitant field in z-axis during an axial EPI readout. Because the pre-emphasized gradients can be calculated via simple arithmetic operations (Eq. [9] ), the proposed method is well-suited to realtime implementation on the gradient driver subsystem.
A Special Case for Asymmetric Gradients
The asymmetric gradient system of our interest uses equivalent asymmetric transverse gradients for x and y and a symmetric z gradient (13) . The parameters for this type of design are x 0 ¼ 0, y 0 ¼ 0, z 0x ¼ z 0y ¼ z 0 , and a ¼ 0.5. Equation [9] therefore reduces to
In this special case (equivalent asymmetric transverse gradients and symmetric z gradient), it can be shown (Appendix B) that the closed-form analytical solution to the exact gradient pre-emphasis scheme (Eq. [10] ) exists (18):
where
and [11] can be used to verify the approximate solution in Equation [10] when a ¼ 0:5.
METHODS
Data Acquisitions
All experiments were performed on the HG2 asymmetric gradient system (13) that was inserted into a compact 3T magnet developed for neurological, musculoskeletal, and pediatric applications. This gradient system is capable of operating at a maximum gradient amplitude of 85 mT/m and a maximum slew rate of 708 T/m/s and was configured to operate at 72 mT/m and 700 T/m/s during these tests. The gradient asymmetry parameter (z 0 in Equations [10] and [11] ) for our system was determined via electromagnetic field simulation to be z 0 ¼ 12 cm.
To test the proposed gradient pre-emphasis method, an American College of Radiology (ACR) quality control phantom (19) was scanned using a two-dimensional (2D) gradient echo sequence in a transmit/receive (T/R) head coil (GE Healthcare, Milwaukee, Wisconsin, USA) with two acquisitions (analogous to phase contrast flow quantification), followed by a phased difference reconstruction. The first acquisition included a three-lobed (1 2 1, zeroth-and first-gradient moment nulled) gradient waveform (6) with the maximum gradient amplitude of 72 mT/m, followed by standard 2D gradient echo readout. The 1 2 1 waveform is flow-compensated and was chosen to minimize the phase changes caused by any residual liquid flow in the phantom (6) . A reference scan using identical scan parameters (e.g., echo time [TE]) and gradient waveforms but without the 1 2 1 lobe was also performed to highlight the effects of concomitant fieldbased artifacts after phase difference reconstruction, which minimizes phase errors from off-resonance effects. Two-dimensional acquisitions were performed in three orthogonal planes with the 1 2 1 gradients applied in the right/left (R/L) and superior/inferior (S/I) directions simultaneously for axial and coronal acquisitions, and along anterior/posterior (A/P) and (S/I) directions for sagittal acquisition. Details of the acquisition settings are summarized in Table 1 . For each scan plane, data acquisitions were performed using gradient waveforms with and without the gradient pre-emphasis calculated with Equation [10] . After the phase-difference reconstruction the effects of zeroth-and second-order concomitant fields were corrected to isolate the effects of the linear concomitant fields.
A series of 2D Archimedean spiral acquisitions (20) were also performed on the ACR phantom for musculoskeletal applications (21) with a T/R head coil. Axial 2D spiral scans were first performed with phantom positioned at À3.3 cm and 5.7 cm away from the isocenter in the gradient S/I direction to enable quantification of the concomitant field effects at different slice positions. In addition, coronal and sagittal spirals were performed after manually repositioning the phantom. The field of view (FOV) was shifted along the superior gradient axis by 2.6 cm and 3.1 cm for coronal and sagittal spiral acquisitions, respectively, to emphasize the effect of concomitant fields. At each position, the phantom was scanned separately using both the nominal gradient waveforms and those pre-emphasized using the proposed strategy. Details of the acquisition settings are shown in Table 1 . A separate two-shot, two-echo, 2D Cartesian offresonance estimation sequence was also performed after each scan (matrix size ¼ 256 Â 256, echo spacing ¼ 1 ms, FOV ¼12 cm, bandwidth ¼ 615.63 kHz, repetition time (TR) ¼ 50 ms, TE ¼ 10 ms, slice thickness ¼ 5 mm, flip angle ¼ 10 ). A healthy subject was also scanned under an Institutional Review Board-approved protocol using a 32-channel receive-only head coil (Nova Medical Inc., Wilmington, Massachusetts, USA) with a 2D axial spiral acquisition as detailed in Table 1 . Acquisitions with and without pre-emphasized waveforms were obtained, and a 2D Cartesian off-resonance estimation sequence was performed (matrix size ¼ 256 Â 256, echo spacing ¼ 1 ms, FOV ¼ 18 cm, bandwidth ¼ 615.63 kHz, TR ¼ 50 ms, TE ¼ 7 ms, slice thickness ¼ 3 mm, flip angle ¼ 20
). All raw data were retained for offline reconstruction, processing, and analysis. During reconstruction of all spiral scans, the effects of the zeroth and quadratic (3) concomitant field were corrected, as well as off resonance effects, to isolate the effects of the linear concomitant field.
The ACR phantom was further scanned with a 2D axial multislice EPI acquisition in the single-channel, 37-cm inner diameter T/R coil that also serves as this system's transmitter for receive-only coils and is analogous to the body coil on a whole-body MRI system. This cylindrical phantom was positioned with A/P alignment of its central axis to reduce susceptibility-related distortion to highlight the concomitant field correction. An EPI readout with the maximum gradient amplitude of 41 mT/m and a slew rate of 700 T/m/s was used. Details of the acquisition parameters are summarized in Table 1 . Acquisitions were performed using the gradient waveforms before and after the proposed concomitant field gradient pre-emphasis, respectively. The threedimensional (3D) gradient nonlinearity correction available on system (GE Healthcare, Software version DV25.0) was enabled, and the DICOM images from the scanner were then retained for comparison.
Real-Time Gradient Pre-emphasis
The proposed concomitant field pre-emphasis strategy (Eq. [10] ) was implemented on the gradient driver subsystem at the native subsystem update rate of 4 ms as part of the existing eddy current compensation and gradient axis mapping (i.e., rotation from logical axes to physical axes) framework. With this implementation in place, no pulse sequence modification was performed.
Analytical Versus Approximate Solution
Gradient waveforms for a 2D coronal Archimedean spiral acquisition (20) were generated to compare the approximation of Equation [10] against the analytical solution in Equation [11] . Scan parameters are listed in Table 1 (coronal spiral). The 700 T/m/s gradient slew rate of the compact asymmetric gradient system was assumed. The ideal gradient waveforms were then used to generate the pre-emphasized gradients based on the analytical (Eq. [11] ) and approximate solution (Eq. [10] ), respectively.
Data Processing
All data processing was performed on a dual 8-core 2.6 GHz machine with 128 GB of memory using Cþþ based image reconstruction tools developed in-house. The phase images were estimated from the flow quantification acquisition data sets using a phase-difference reconstruction method with integrated gradient nonlinearity correction (22, 23) . As a reference, retrospective phase correction was also performed on the phase image reconstructed from data acquired without gradient preemphasis by calculating and subtracting the phase accumulation from the first-order concomitant fields induced by the 1 2 1 gradient lobe. The phantom and brain spiral data were both reconstructed onto 256 Â 256 image matrices using a noniterative, nonuniform fast Fourier transform (NUFFT)-based reconstruction framework with simultaneous gradient nonlinearity and off-resonance corrections (24) (25) (26) . Retrospective correction for the firstorder concomitant fields on the data acquired without concomitant field pre-emphasis were also performed. For axial spiral acquisition, the concomitant field caused phase accumulation with first-order spatial dependence along the gradient z-axis, which was corrected by demodulating this phase accumulation in the acquired kspace data. For sagittal and coronal spiral acquisitions, the first-order concomitant field terms showed spatial dependence in the y,z-axis or x,z-axis, respectively, and their effect was corrected by accounting for the concomitant field-induced k-space trajectory change during reconstruction. Off-resonance correction was performed using time segmentation (27) with 32 time segments apodized with Hann windows. All NUFFT operators used in this study were implemented with a (width 5) KaiserBessel kernel and an (1.25Â) oversampled FFT operator (24, 25) . The B 0 field maps used for off-resonance correction of the spiral acquisition data were obtained using a multichannel variant of Funai et al.'s (28) regularized regression model, which was solved using a graph cutbased a-expansion procedure (29) . For all the examples shown, the effects of the zeroth-and second-order concomitant fields were removed during reconstruction using established methods (1, 3, 6) to simplify the presentation of the first-order effects and compensations that are of interest here.
RESULTS
We first examined whether Equation [10] provides an accurate approximation of the analytical solution in Equation [11] . Figure 2 compares the target gradient waveforms for the 2D coronal spiral acquisition pulse sequence design (Fig. 2a) , the pre-emphasized waveforms calculated using the exact analytical solution (Fig. 2b) , and the pre-emphasized waveforms generated using the approximate solution (Fig. 2c) . The difference between the closed-form and approximate pre-emphasized waveforms is shown in Figure 2d . Good agreement between the two solutions was observed with maximal difference of 9.1 Â 10 À5 mT/m (less than 0.5% of the pre-emphasis components, with the pre-emphasis components themselves being only 0.2% of the requested gradient strength). Hence, the gradient pre-emphasis strategy was implemented based on the approximate solution of Equation [10] throughout the remainder of this study, and the experimental tests effectively examined both the analytical and the approximate solutions.
The phase maps reconstructed from the phasedifference data acquired with the nominal and preemphasized gradient waveforms are shown in Figure 3 . A retrospectively corrected phase map by removing the phase accumulation due to concomitant fields is also shown. Line profiles across the phase images are also demonstrated. The effects of the first-order concomitant fields generated by the asymmetric gradient, which manifest as a linear phase accumulation across the phase image, were apparent in the image generated from data acquired using the nominal gradient waveforms. Comparatively, these phase errors were virtually eliminated in the images generated from data acquired using the proposed pre-emphasized gradients. The small residual errors after pre-emphasis are most likely due to residual eddy currents. Table 2 summarizes the slopes of the line profiles in Figure 3 obtained from linear regression analysis. The linear phase variation as represented by the slope of line profile was largely reduced using the proposed gradient pre-emphasis method. Figure 3 and Table  2 also show that the proposed gradient pre-emphasis method can prospectively account for the effect of concomitant fields, yielding equivalent results to retrospective correction but without the need for altering the image reconstruction process.
Phantom images at different slice locations reconstructed from axial spiral data acquired with and without gradient pre-emphasis are shown in Figure 4 . The image obtained from retrospective reconstruction-based correction is also shown as a reference. Note that the firstorder concomitant fields introduced considerable distortion. The concomitant field for this axial spiral acquisition caused phase accumulation with first-order spatial dependence along the slice selection direction (gradient z-axis), which caused its effect to vary among slice locations, as shown in Figure 4a,b. Figure 4c,d demonstrates that applying the proposed gradient pre-emphasis greatly reduced these artifacts. For example, in Figure 4b ,d, the full-width half-maximum of the line plot was reduced from 3.04 to 1.64 mm, representing a substantial increase in sharpness. A comparison of Figure 4e and Figure 4f shows that prospectively accounting for the effect of concomitant field using the proposed gradient pre-emphasis method yielded results equivalent to those after retrospective reconstruction-based correction. However, modification of the reconstruction process is not required for the proposed pre-emphasis method.
The coronal and sagittal spiral images (full scale and magnified inserts) acquired with and without the proposed gradient pre-emphasis are shown in Figure 5 , as well as the image obtained from retrospective reconstruction-based concomitant field correction. Spatially varying blurring due to unaccounted concomitant field-induced phase in the measured MRI data was observed at the superior end of the phantom images (Fig.  5a,d ). As shown in Figure 5 , both the proposed gradient pre-emphasis strategy and the reconstruction-based correction successfully prevented these spurious effects. Figure 6 shows axial brain images acquired using the nominal and pre-emphasized spiral gradient waveforms, demonstrating the spatial blurring introduced by the first-order concomitant fields. Note the blurring of small cortical arteries (red arrows) and vein (blue arrow), and artifactual distortion and enlargement of vessels in Figure 6a. Figure 6b demonstrates that the described method effectively reduced blurring and enabled clearer depiction of small structures, such as the small cortical arteries and vein. Figure 6c shows the image obtained after applying retrospective reconstruction-based concomitant field correction to Figure 6a , where a similar level of compensation was observed.
The 2D axial EPI image series acquired with gradient waveforms before and after the proposed gradient preemphasis were reformatted in a sagittal plane and are shown in Figure 7a ,b. Examples of axial images acquired at S/I ¼ 8.5 cm before (Fig. 7c) and after (Fig. 7d) gradient pre-emphasis are also shown. The first-order concomitant field caused an image shift along the A/P gradient axis (phase encoding direction) as shown in Figure 7a and indicated by the red arrow in Figure 7c . Note that this image shift caused the image-domain based gradient nonlinearity correction on the scanner to misregister image content at inaccurate physical positions, leaving observable residual geometric distortion in corrected images (green arrow in Fig. 7c ). As shown in Figure 7b,d , prospectively accounting for its effect using the gradient pre-emphasis method prevented this image shift and reduced the residual image distortion after gradient nonlinearity correction. The residual image shift at the superior and inferior ends of the phantom in Figure 7b ,d is likely due to B 0 inhomogeneity and susceptibility effects.
DISCUSSION
In this study, we developed a real-time gradient preemphasis strategy that simultaneously counteracts all the first-order concomitant fields on asymmetric gradient Table 2 Slope of Line Profiles Shown in Phase images obtained after applying retrospective phase correction to the images in panels a-c. The first-order concomitant fields introduce a linear phase variation across the phantom, which is mitigated by the gradient pre-emphasis. The small residual phase is most likely due to residual gradient eddy currents.
systems for any arbitrary gradient waveform. A numerically straightforward, easily implemented approximate solution was derived and was implemented directly in the same hardware infrastructure as that used for prospective eddy current compensation. The ideal gradient waveforms are taken as input, along with system-specific parameters like B 0 and z 0 , and this hardware then calculates pre-emphasized gradients using simple, arithmetic operations. The results of a series of phantom and in vivo scans using Cartesian phase difference, EPI, and spiral acquisitions indicate that the first-order concomitant fields, if not properly accounted for, cause considerable phase estimation error, image shift, blurring, and ghosting. Those artifacts can be effectively eliminated with the proposed method.
The proposed gradient pre-emphasis method can potentially benefit any MR data acquisition performed on the asymmetric gradient system. This method may be particularly helpful for imaging 3D volumes acquired for arterial spin labeling applications that use stacks of spiral acquisitions (30) , 3D radial acquisition (31) , and shells with integrated radial and spiral (32) . Note that Equation [6] predicts that the effects of the first-order concomitant fields will increase as the imaging region is displaced further from the gradient isocenter, highlighting the importance of its compensation. Because concomitant field strength scales with gradient amplitude squared, the proposed pre-emphasis strategy will also benefit MR acquisitions employing multiple large gradient lobes, such as EPI-based sequences and small FOV applications. Because the concomitant fields scale inversely with the main field strength B 0 , all the deleterious effects described here would be doubled at 1.5T compared with the 3T results shown here.
Due to their same linear spatial dependence and similar image artifact manifestation, the linear concomitant fields can potentially be confused with linear gradient eddy currents, which are typically characterized using a separate calibration procedure (33, 34) . Hence, prospective counteraction of concomitant field effects can eliminate this potentially confounding factor and improve the accuracy of gradient eddy current calibration on asymmetric gradient systems. Eddy current pre-emphasis was performed during data acquisition. One limitation of this study is that the eddy current calibration process did not include concomitant field compensation. Similarly, prospective, real-time compensation of the zeroth-order concomitant fields using the methods described by Crozier et al. (17) is expected to remove another confounding factor in B 0 eddy-current calibration. We are currently developing a real-time implementation of the zeroth-order concomitant field compensation and plan to report those results in future work.
The proposed gradient pre-emphasis strategy can be readily incorporated into the current MR system workflow. It can be implemented either in the pulse sequence or hardware (e.g., eddy current pre-emphasis firmware), offering substantial implementation flexibility. When implemented in hardware, it can be performed together with gradient eddy current pre-emphasis, as done in the present study, and therefore is transparent to pulse sequence design or subsequent corrections of offresonance (27) , gradient delays, eddy currents (35, 36) , gradient nonlinearity (22, 26, 37) , or second-order concomitant fields (1, (3) (4) (5) . Note that simultaneous correction during image reconstruction of off-resonance, gradient nonlinearity, and second-order concomitant fields were demonstrated in our experimental results. If gradient preemphasis is implemented in the gradient driver firmware, any logical-to-physical translation of gradient axes (6) will be performed automatically, as in the results reported here. Alternatively, if the pre-emphasis is performed on host computer by modifying the pulse sequence, then the logical-to-physical translation of gradient axes must be accounted for, which is considerably less convenient.
The approximate solution described in Equation [9] was derived from a general asymmetric gradient model (Eq. [8] ) assuming arbitrary asymmetry parameters (x 0 , y 0 , z 0x , z 0y , a). Therefore, this method is general and could be applied to other asymmetric gradient systems or systems with new designs developed in the future.
CONCLUSIONS
A gradient pre-emphasis method suitable for real-time implementation was developed to provide flexible and effective counteraction of image artifacts from the firstorder concomitant fields that are specific to asymmetric gradient systems. The feasibility of the method was demonstrated in phantom and human tests. The proposed method is general and can be applied to a variety of acquisition strategies and arbitrary gradient waveforms. When implemented alongside the linear eddy-current compensation as reported here, no pulse sequence modifications are required, and the logical-to-physical translations are handled automatically.
where r ¼ maxfx 0 ; y 0 ; z 0x ; z 0y g. Ignoring the higher order (!3) in Equation [A2] yields Equation [9] . Solutions shown in Equation [9] can also be considered as the first-iteration approximation of a fixed-point iteration solver initialized with ideal gradient waveforms G x , G y , and G z , which reveals itself by inserting G Figure 8 shows the monotonic decrease of residual errors at each iteration for solving the gradient preemphasis problem (Eq. [A1]) using the fixed-point iteration method (G 0 ¼ f ðG 0 Þ). Note that the residual error quickly drops to the machine precision level, showing convergence of fixed-point iteration.
APPENDIX B Here we demonstrate that the closed-form, analytical solution to the exact gradient pre-emphasis scheme (Eq. [11] ) exists for the gradient system with equivalent asymmetric transverse gradient and symmetric z gradient. Inserting system offset parameters x 0 ¼ 0, y 0 ¼ 0, z 0x ¼ z 0y ¼ z 0 , and a ¼ 0.5 into Equation [8] yields
